To evaluate the association between standard and computed tomography (CT)-based measures of obesity and subclinical atherosclerosis, defined as coronary artery calcium (CAC) by Electron Beam Computed Tomography (EBCT). DESIGN: Cross-sectional, observational study of anthropometric and CT obesity measures and presence of CAC. SUBJECTS: Participants were 383 men and 379 women, aged 20-58 y and asymptomatic for coronary artery disease (CAD). MEASUREMENTS: Intra-abdominal fat (IAF) and subcutaneous fat (SQF) were measured at the level of lumbar 2-3 and 4-5 spaces, using EBCT. Body mass index (BMI) was calculated from height and weight, and minimum waist circumference and maximum hip circumference were measured. CAC was measured by EBCT. RESULTS: In both men and women, BMI, waist circumference, IAF, and SQF were significantly related to CAC. However, BMI or waist circumference explained variation in the presence of CAC as well as IAF or SQF, univariately and after adjustment for additional cardiovascular risk factors. CONCLUSION: CT-based obesity exposure measures are not superior to BMI or waist circumference in association studies of subclinical CAD.
Introduction
Excess weight is an important, modifiable risk factor for coronary artery disease (CAD), [1] [2] [3] and the proportion of overweight and obese adults in the US is increasing. 4 Currently, more than half of adults in the US are overweight. 5 Overweight among adults is commonly defined as a body mass index (BMI) of 25 kg/m 2 or greater, and obesity is defined as a BMI of 30 kg/m 2 or greater. 4 While it is clear that obesity contributes to CAD risk, [6] [7] [8] [9] it is not as clear which measurement of obesity best captures this risk. The increased CAD risk may be due to overall obesity, or a particular body fat distribution pattern may differentially increase CAD risk. Some researchers have hypothesized that abdominal fat accumulation, and specifically visceral fat depots, may play a particularly important role in the development of CAD. [10] [11] [12] [13] [14] [15] The mechanism for this increased risk has been hypothesized to be the production of free fatty acids by visceral adipose tissue, which are then released into the portal vein. 16 The volume of adipose tissue in the visceral compartment, known as intra-abdominal fat (IAF), can be measured directly by computed tomography (CT). Subcutaneous fat (SQF) at the same location can be measured simultaneously. However, measuring fat volumes by CT is expensive, not readily available, and exposes patients to radiation. Instead, central obesity can be estimated by measuring the waist circumference or by obtaining the waist/hip ratio. Overall obesity can be approximated by calculating the body mass index (BMI) in kilograms of body weight per meter square.
The atherosclerotic process begins early in life, with fatty streaks and plaques beginning to form in young adulthood. [17] [18] [19] By the time clinical symptoms appear decades later, the opportunity for primary prevention has been lost. 20 In order for primary prevention efforts to be effective, they must begin in young adulthood and must focus on risk factors which contribute to the earlier development of disease. Electron Beam Computed Tomography (EBCT) detects subclinical atherosclerosis, which may allow for earlier intervention and primary prevention of CAD. [21] [22] [23] [24] EBCT can be used to noninvasively measure the amount of calcified plaque present in the major coronary arteries. 25 The coronary artery calcium score (CAC) has been demonstrated to predict future coronary events, [26] [27] [28] [29] [30] and closely correlates with the overall plaque burden as detected by angioplasty, the current gold standard. [31] [32] [33] It is not clear if fat volume measured by CT explains the variation in presence of CAC in young adults better than anthropometric measurements. The purpose of this study was to investigate the association of anthropometric vs CT measures of obesity with presence of subclinical atherosclerosis as measured by EBCT.
Methods (Experimental)
Participants were 383 men and 379 women who are enrolled in the Coronary Artery Calcification in Type 1 Diabetes (CACTI) Study as control participants. All study participants reported no prior diagnosis of diabetes mellitus at the time of enrollment, and were asymptomatic for CAD. Participants were between 20 and 58 y old. Owing to the limitation of the Imatron scanner, all participants were required to weigh less than 300 pounds. The majority of participants were referred to the study because they were the spouse or friend of a participant with diabetes.
The study protocol was reviewed and approved by the Colorado Combined Institutional Review Board, and informed consent was obtained from all patients prior to enrollment. We measured height and weight, and calculated body mass index (BMI) for all participants. Minimum waist and maximum hip measurements were obtained in duplicate, and the results were averaged. The minimum waist was measured at the smallest point between the 10th rib and the iliac crest, over bare skin. The hip was measured at the maximum circumference of the buttocks. Circumferences were taken with the subject standing, and were recorded to the nearest 0.1 cm. Both waist and hip girth measurements were taken in duplicate, and if the difference in the duplicate measurements exceeded 4 cm, another set of two trials was conducted and the first trial was discarded. Waist to hip ratio was calculated.
All patients underwent two EBCT scans of the heart without contrast, with a brief rest between the two scans. Images were obtained using an Imatron C-150XLP Ultrafast CT scanner (Imatron, South San Francisco, CA, USA) at enddiastole, with a 100 ms exposure. The standard acquisition protocol as previously described was used. 25 Scanning started from near the lower margin of bifurcation of the main pulmonary artery. Images were electrocardiographically triggered at 80% of the R-R interval, and 30-40 contiguous 3 mm slices were acquired. The threshold for CAC was set at CT density of 130 Hounsfield units (HU) in at least three pixels. A region of interest was encircled within each coronary artery, and computer-driven measurement of the lesion area and maximum density were recorded. A CAC score for each region was calculated by multiplying the area by the density score (1 for 130-199 HU, 2 for 200-299 HU, 3 for 300-399 HU, and 4 for 4399 HU). The total CAC was calculated by adding up scores for all slices, and separately for left main, left anterior descending, circumflex, and right coronary arteries. A single skilled technician obtained and scored all of the EBCT scans.
Concurrent with the EBCT heart scans, abdominal scans at the lumbar 2-3 and lumbar 4-5 levels were obtained on each participant. The lumbar 2-3 and lumbar 4-5 disc spaces were located by counting the lumbar vertebra with L1 being the first nonrib-bearing vertebra. A single 6-mm thick image was obtained through the each disc space during suspended respiration. The total IAF volume and SQF volume in cubic centimeters were measured using the AccuAnalyzer software from AccuImage.
Each fat measure and covariate was examined for normality and for a linear relationship with CAC, and if necessary an appropriate transformation from the Box-Cox family was used. Separate logistic regression models were obtained to examine the association of IAF, SQF, BMI, waist circumference, and waist to hip ratio with CAC. The outcome was dichotomized as the presence or absence of CAC. All models were adjusted for age, and stratified by gender. Each model was then further adjusted for known risk factors for CAD, including smoking, LDL-cholesterol, HDL-cholesterol, and hypertension. The dfbetas, which are statistical measurements of the influence of a case on a parameter estimate, 34 and the deviance difference, which is the change in AIC attributable to deleting an individual observation, 34 were examined for each logistic regression model in order to determine if any data points were unduly influencing the model. The Akaike Information Criterion (AIC) for each model was obtained. The AIC is a statistical measure that is used to determine the best model fit among the nonnested models, with the lowest AIC representing the best model fit. The AIC is calculated by multiplying two times the negative log likelihood (À2LL), and then adding two times the number of estimated parameters. As a result, the AIC provides a penalty for the number of parameters being estimated in the model, and in models where the number of parameters are the same, it is equivalent to using the À2LL. The AIC was used to determine the best non-nested model among the fat measurements, with the lowest AIC representing the best Obesity measures associated with coronary calcium JK Snell-Bergeon et al model fit. All tests were two-sided, and P-values o0.05 were considered statistically significant.
Results
Coronary calcium, defined as a CAC score 40, was present in 39% of male participants, and 12% of female participants. The distribution of CAC scores by gender is shown in Figure 1 . The characteristics of the study participants by CAC status are shown in Table 1 . In both men and women, individuals who had CAC were significantly older, had a higher BMI, more intra-abdominal and subcutaneous fat, a larger waist circumference, and a higher waist to hip ratio.
IAF and SQF measurements were obtained at two levels, lumbar 2-3 and lumbar 4-5. In order to determine if one of these levels had a superior model fit, the measurements at each level were compared in a stratified, age-adjusted analysis of association with CAC. Among men, lumbar 4-5 SQF had a slightly lower AIC than lumbar 2-3 SQF (AIC 418.8 vs 420.1), and lumbar 4-5 IAF also had a lower model AIC when compared to lumbar 2-3 IAF (AIC 426.5 vs 434.0). Among women, lumbar 4-5 SQF had a lower AIC than lumbar 2-3 SQF (AIC 248.8 vs 250.6), but lumbar 2-3 IAF had a slightly lower AIC when compared to lumbar 4-5 IAF (246.4 vs 248.8). Overall, these measures are relatively similar and so we used the IAF and SQF measurements obtained at lumbar 4-5, which roughly corresponds with the umbilicus, for all subsequent analyses.
The fat measures examined in this study were all significantly (Po0.001) correlated with each other, as shown in Table 2 . Measures that were very strongly correlated were BMI and SQF (r ¼ 0.88), BMI and waist circumference (r ¼ 0.87), waist circumference and SQF (r ¼ 0.83), and waist circumference and IAF (r ¼ 0.78). The waist to hip ratio was moderately correlated with the other fat measures.
The age-adjusted, standardized odds ratio (per one standard deviation), 95% confidence interval, and AIC for each fat measure are shown in Table 3 . In both men and women, BMI, waist circumference, waist to hip ratio, IAF, and SQF were significantly related to the presence of CAC. The AICs for all fat measures were compared in women and men, with a lower AIC representing a better fitting model. As shown in Table 3 , in women, the AIC was lowest for age-adjusted waist circumference (AIC ¼ 243.5) and BMI (AIC ¼ 245. When each model was further adjusted for LDL-cholesterol, HDL-cholesterol, smoking, and hypertension, all of the fat measures except waist to hip ratio remained significantly associated with CAC among both women and men. The models with the lowest AIC and best fit in women were BMI (AIC ¼ 243.7) and waist circumference (AIC ¼ 244.4), followed by SQF (246.9) and IAF (248.8). Waist to hip ratio was not significantly associated with CAC in women, and had the poorest model fit (AIC ¼ 256.2). Among male study participants, BMI also had the best fitting model (AIC ¼ 414.2), followed by SQF (AIC ¼ 421.5), IAF (AIC ¼ 424.2), and waist circumference (AIC ¼ 426.9). When adjusted for the other CAD risk factors, waist to hip ratio was not significantly associated with CAC in men, and the model including waist to hip ratio had the poorest fit (AIC ¼ 437.2).
A further analysis comparing the fit of a model including both BMI and waist circumference and the covariates above to a model including both IAF and SQF volumes and the covariates above confirm that the CT fat measures model fit (AIC 420.8 for men, 247.6 for women) is not superior to the model fit for the anthropometric measures (AIC 414.7 for men, 245.2 for women). In a logistic regression model adjusted for age, LDL-cholesterol, HDL-cholesterol, smoking, and hypertension, forward selection was used to determine which fat measures made a significant further addition to the model. The criteria for entry into the model was set at a Pvalue of 0.10, and for both men and women, the only fat measure which was selected was BMI (Po0.001 for both men and women).
Owing to the young age of the cohort, we considered the possibility that intra-abdominal fat depots may have a stronger association with CAC in older people than in younger adults, and so we tested for an interaction of older age (Z40 y old) with IAF. There was no significant interaction of older age with IAF in men (P ¼ 0.61) or in women (P ¼ 0.10), although the interaction term in women suggested an increased association of IAF with CAC in women o40 y old (standardized OR 2.9 [2.3-3.5]) compared to women Z40 years old (standardized OR 1.4 [1.1-1.7] ), contrary to our hypothesis. A similar effect was seen with BMI, with a nonsignificant interaction term for older age (Z40 y old) and BMI in both men (P ¼ 0.92) and in women (P ¼ 0.08), but with the suggestion of a stronger association of BMI with CAC in women o40 y old (standardized OR 2.7 [2.2-3.2]) than in women Z40 y old (standardized OR 1.6 [1.2-1.9]). We confirmed these results with waist circumference as well, with nonsignificant interaction terms for age and waist in men (P ¼ 0.80) and in women (0.08), but with the suggestion of an increased association of waist circumference with CAC in women o40 y old (standardized OR 2.9 [2.4-3.4]) than in women Z40 y old (standardized OR 1.7 [1.3-2.0]).
Discussion
In both men and women, the association of BMI and waist circumference with CAC was at least as strong as the association of the direct measures of fat volume by CT with CAC. While there is no method available to make a statistical comparison between non-nested models, since all of our models had the same number of parameters, a lower AIC is indicative of a better model fit rather than just a reflection of a more complex model. 35 BMI consistently had a lower AIC than either CT fat volume measure in all of our models, and was also the only fat measure that entered the multivariate logistic regression model with forward selection. We considered the possibility that our results could be due to differences in the precision of the fat measures examined. The measurement of abdominal fat volumes by CT has been shown to be an accurate and precise method, with high reproducibility. 36, 37 In a study of duplicate CT abdominal fat measurements, a very high correlation was found between repeat measurements (r ¼ 0.99, Po0.01), and the measurement of subcutaneous and intra-abdominal fat was accomplished with very low precision errors (1.9% of the mean volume for subcutaneous fat, 3.9% for intra-abdominal fat). 37 In another study, intraobserver agreement was extremely high (mean difference ¼ 0.01, range ¼ 0.00-0.03, intraclass correlation ¼ 0.99) for the measurement of the ratio of intra-abdominal fat to total abdominal fat volume by CT. 36 Therefore, it is unlikely that the results we found were due to a lack of precision for the CT measurements of subcutaneous and intra-abdominal fat. From an examination of the correlations between fat measures, it appears that in our cohort BMI, SQF, and minimum waist circumference are closely related. Waist circumference is also strongly correlated to IAF, suggesting that this measure may be a good proxy measure for both overall and central obesity. Our measurement of minimal waist circumference does not directly correspond with the lumbar 4-5 region at which the CT abdominal fat volumes were obtained, as the waist was measured at the smallest circumference between the 10th rib and the iliac crest, rather than at the umbilicus.
We also considered that IAF could be a stronger correlate of CAC among older, higher risk individuals, which could be obscured by the young age of our cohort. Based on our results, however, it appears that neither overall adiposity nor IAF increase in their association with CAC in older, higher risk individuals, but rather may be stronger correlates of CAC among younger women. This stronger association with CAC in younger women was observed for both IAF and anthropometric measurements (BMI and waist circumference), and so is not likely to explain the better overall model fit of BMI and waist circumference in women.
Our The increased CAD risk associated with obesity is due in large part to comorbidities, which include hypertension, insulin resistance, diabetes, and dyslipidemia. 42 Several studies have demonstrated that obesity often clusters with other CAD risk factors, 14, 43 and weight reduction has been shown to improve the CAD risk profiles of overweight individuals. 6, 8, 10, 44 However, the association we found between obesity and subclinical atherosclerosis was independent of age, hypertension, smoking, and lipids. There are several important limitations to this study. First, while CAC is a surrogate marker for subclinical atherosclerosis, CAC in a young cohort such as ours may not predict future events as well as in a higher risk population. Also, the presence of coronary calcium may reflect calcium metabolism, rather than atherosclerosis. In addition, the participants in this study were selected as the spouse or significant other of a participant with diabetes, and so may differ from the general population in important areas. Therefore, the results of this study should be confirmed in other populations.
The data presented here are cross-sectional, and so the relative ability of the obesity measures examined in this paper to predict CAC progression is unknown. The CACTI study is currently following this cohort in order to obtain longitudinal data, which will allow us to examine not only the association of the baseline obesity measurements with progression of CAC but also the effect of changes in overall and central obesity.
We conclude that CT measurements of IAF and SQF are not superior to BMI and waist circumference at explaining the variation in presence of coronary calcium. This has important implications for epidemiologic studies where it is often not feasible to perform CT on all participants. Given that BMI and waist circumference are easy, safe, and inexpensive to measure, these results suggest that anthropometric measurements are sufficient for measuring overall and central obesity in epidemiologic investigations of CAD.
